Background: Lymphoproliferative disorder (LPD), including malignant lymphoma, is a relatively rare but life-threatening complication in RA patients under methotrexate (MTX) therapy. Spontaneous regression of LPD after MTX withdrawal is regarded as a distinct characteristic in part of such LPDs.
| Classification of LPD patients and patient flow. Twenty-two and 13 patients were divided into the regressive and persistent groups, respectively, according to LPD regression assessment at week 12. Control patients were age-, sex-, rheumatoid arthritis duration-, and MTX dose-matched with LPD patients (N = 35). Flow cytometric analysis of whole blood sample and cytokine analysis of serum sample were conducted for 10 patients from the control group, 7 patients from the regressive group, and 3 patients from the persistent group. MTX, methotrexate; LPD, lymphoproliferative disorder. inTrODucTiOn Methotrexate (MTX) is an anti-rheumatic drug and the gold standard for treatment of rheumatoid arthritis (RA) worldwide (1, 2) . However, MTX-associated side effects and certain adverse events can lead patients to abandon the treatment (1, 2) . Among these, lymphoproliferative disorder (LPD), including malignant lymphoma, is a relatively rare but life-threatening complication (3, 4) . Several studies have reported a high likelihood of developing LPD in MTX-treated patients (5, 6) . On the other hand, previous reports revealed that chronic inflammation induced by RA itself is also a risk factor for LPD (7) . It is difficult to distinguish between LPDs that develop associated with immunosuppression during MTX therapy and those induced by chronic inflammation or as an incidental complication; however, spontaneous regression of LPD following MTX cessation occurs in 30-70% of cases (3, 4, 7, 8) . This had led to the suggestion that MTX may have the potential to cause lympho-proliferation. Our group and others previously reported the link between decreased lymphocyte counts at LPD diagnosis and subsequent restoration after MTX cessation and regression of LPD (8, 9) , and suggested the association between activation of immune system and LPD regression.
Here, we investigated changes in lymphocyte subsets and serological factors during LPD regression, and assessed the difference in immune status between patients with regressive LPD and those whose LPD did not regress to investigate the pathogenesis of such LPDs.
MaTerials anD MeThODs

Patients and Data collection
First, we retrospectively reviewed the medical records of RA patients in our institution from January 1995 to December 2013 and found 25 patients with pathologically defined LPD that developed during MTX treatment. We randomly selected 25 control RA patients without LPD who were treated with MTX in our institution matched for age, sex, MTX dose, and RA duration (LPD:control = 1:1). Second, we prospectively registered RA patients who were diagnosed with LPD while under MTX treatment (n = 10) from January 2014 to October 2015; clinically matched controls (n = 10) were randomly selected from RA patients without LPD who were administered MTX in the same period. We selected clinically matched patients based on categories of age, sex, MTX dose, and RA duration, and found several candidates for control per cases in our background cohort. And then we unintentionally selected one control RA patient based on patient linked-randomized number. The patients' blood samples were analyzed in the prospective cohort. In total, data from 35 LPD and 35 control RA patients were analyzed. 
lPD assessment
According to the WHO classification of tumors of hematopoietic and lymphoid tissues (4, 10), LPDs were classified into classical Hodgkin's lymphoma (n = 8), diffuse large B cell lymphoma (DLBCL) (n = 18), follicular lymphoma (FL) (n = 2), lymphomatoid granulomatosis (LYG) (n = 2), mucosa-associated lymphoid tissue (MALT) lymphoma (n = 1), NK/T cell lymphoma (n = 1), reactive hyperplasia (n = 1), and LPD with atypical cell proliferation (n = 2). The report of "LPD with atypical cell proliferation (n = 2)" was derived from other faculty and had no sufficient information of immunohistochemistry, and could not obtain additional pathological information. The presence of the Epstein-Barr virus (EBV) genome was assessed by in situ hybridization for EBV-encoded small RNAs (EBER), and clinical stage was determined using the Ann Arbor staging classification with Cotswolds modifications (11) .
All patients stopped MTX treatment when LPD was suspected. The time of MTX cessation, which was simultaneous with diagnosis of LPD was defined as week 0, and the regression of LPD was assessed at week 12, in accordance with the revised response criteria of the International Working Group (12) . Following the assessment of regression, patients were classified into two groups: the regressive group (n = 22), those who achieved complete (n = 6) or partial remission (n = 16), and the persistent group (n = 13), those with stable (n = 5) or progressive LPD (n = 8) (Figure 1) . Complete remission was defined as the absence of all evidence of the disease; and partial remission as a LPD regression defined by ≥50% decrease in the sum of the product Figure 2 | Changes of lymphocyte numbers after MTX cessation in lymphoproliferative disorder (LPD) patients. Change in lymphocyte counts in regressive and persistent LPD compared with the range in the control group. Kruskal-Wallis test was used for comparing the three groups.
† Regressive vs. control, P < 0.05; regressive vs. persistent, P < 0.05. *P < 0.05 for comparison with the value at week 0 in each group. MTX, methotrexate. of the diameters of dominant masses, and no increase in size of other nodes and no new sites (12) . Progressive disease was defined as any new lesion or increase by ≥50% of baseline, or cases that received chemotherapy (n = 4) or died of LPD (n = 1); and stable disease was defined as failure to attain complete or partial response that did not satisfy the definition of progressive disease (12) . We used the last observation carried forward method for the following conditions: intensification of RA treatment, initiation of chemotherapy, and patient death within 12 weeks post-MTX withdrawal. For matched control patients, we analyzed clinical data from the latest visit.
Flow cytometric analysis
Cell surface staining and flow cytometry analysis of fresh whole blood cells were performed at baseline (week 0), week 4, and week 12 for 10 LPD patients and 10 matched control RA patients. Peripheral blood cell subsets were defined by cell surface markers using a standardized method (13) . Whole blood cells were stained for 30 min at room temperature in the dark with the following fluorophore-labeled mAbs: 
statistical analysis
Descriptive values are expressed as medians (Q1-Q3) or range.
Comparisons of values and percentages of clinical parameters between the three groups were conducted using the Kruskal-Wallis test and Chi-squared test. Comparisons between two groups were conducted using paired or unpaired Wilcoxon test and Fisher's exact test. Correlations were analyzed by the Spearman's correlation coefficient. P-values less than 0.05 were regarded as statistically significant. All statistical analyses were performed with JMP software 11.2.0 (SAS Institute Inc., Cary, NC, USA).
resulTs
Baseline characteristics of regressive lPD, Persistent lPD, and control groups
The characteristics of patients at the time of LPD diagnosis and grouped into regressive (n = 22) and persistent groups (n = 13), and the control group (n = 35) are shown in Table 1 . There were no significant differences in the demographic characteristics and RA features among the groups. Regarding the histological subtype of LPD, the proportion of patients with classical Hodgkin's lymphoma was lower and DLBCL was higher in the regressive group than the persistent group. The prevalence of EBERpositive LPD was similar between the regressive and persistent groups. Laboratory tests showed significantly higher levels of lactate dehydrogenase (LDH) and C-reactive protein (CRP) in the regressive and progressive groups compared with the control group, but there was no difference between the regressive and progressive groups. Absolute lymphocyte number was significantly lower in the regressive group compared with the progressive and control groups (508, 1,165, and 1,321/μL, respectively, P < 0.01). The decreased count of lymphocytes in the regressive group rapidly recovered to a level equivalent with that of the control group at week 4 (1,358/μL) after MTX withdrawal. By contrast, the lymphocyte number in the persistent group did not significantly change after MTX withdrawal (Figure 2) . The characteristics of the prospectively registered LPD patients (n = 7 with regressive LPD, n = 3 with persistent LPD) and controls (n = 10) are summarized in Table 2 .
lymphocyte subsets at lPD Diagnosis
The proportion and absolute number of specified lymphocyte subsets at LPD diagnosis in the regressive and persistent LPD groups are summarized in Table 3 . We analyzed EBV-specific CD8+ T cells in those with the HLA-A*2402 allele (regressive LPD: n = 4, persistent LPD: n = 2, control group: n = 5). The incidence of HLA-A*2402 was similar to that reported in a previous study in Japan (15) .
The proportions of three subsets of cells among CD4+ T cells or CD8+ T cells were significantly lower in the regressive group compared to the control group (T helper 1 cells in CD4+ T cells:Th1 cell/CD4+ T (Th1 cell/CD4+ T), 14.8 vs. 19.8%; effector memory CD8+ T cells within CD8+ T cells:EMCD8+ T cell/CD8+ T (EMCD8+ T cells/CD8+ T), 22.5 vs. 45.7%; EBVspecific CD8+ T cells within CD8+ T cells: EBV-specific CD8+/ CD8+T (EBV-specific CD8/CD8+ T), 0.2 vs. 0.6%, P < 0.05 for all comparisons of between regressive group vs. control group). The absolute numbers of these three subsets were also significantly lower in the regressive group compared to the persistent and control groups (P < 0.05 for all comparisons between regressive vs. persistent, and regressive vs. control). By contrast, the proportion of specific subsets of cells was not significantly different between the persistent and control groups. Therefore, we focused on the transition of the three cell subsets after MTX withdrawal.
changes in Th1, eMcD8+ T cells, and eBV-specific cD8+ T cells in regressive lPD and Persistent lPD
In the regressive group, the proportions of Th1 cells, EMCD8+ T cells and EBV-specific CD8+ T cells increased significantly to reach levels equivalent to those of the control group at week 4, and this was maintained through to week 12 after MTX cessation (Figures 3A,D,E) . In the persistent group, the proportion of these subsets of cells was equivalent to the level in the control group at week 0, and did not significantly change after MTX cessation until week 12 ( Figures 3A,D,E) . The transition of the three subsets is shown in a representative case in Figure 4 . In addition, the proportions of Th2 cells, Th17 cells, and NK cells did not significantly change from week 0 to 4 in both the regressive and persistent groups, compared to the control group (Figures 3B,C,F) . The changes in the absolute number of these cell subsets are shown in Figure 5 . In the regressive group, the absolute numbers of Th1 cells, Th2 cells, EMCD8+ T cells, EBV-specific CD8+ T cells, and NK cells were significantly lower than those of the control group at week 0, but increased to levels that were equivalent with those of the control group at week 4 and were maintained to week 12 after MTX cessation (Figures 5A-F) . The absolute numbers of each cell subset in the persistent group were equivalent to the numbers in the control group from week 0 to week 12.
All patients in the regressive group with the HLA-A*2402 allele (n = 4) had EBER-positive LPD. Therefore, we could not assess the transition of EBV-specific CD8+ T cells in EBER-negative regressive LPD cases. In addition, the transition of Th1 cells and EMCD8+ T cells was not significantly different between the pathological classifications of LPDs ( Figure S1 in Supplementary Material).
activation Markers on effector Memory cD8+ T cells
Since we expected EMCD8+ T cells to be the key of the anti-LPD effector cells (16), we measured the proportion and absolute numbers of HLA-DR+EMCD8+ T cells to assess the activation status of EMCD8+ T cells. Both the proportion and absolute numbers of HLA-DR+EMCD8+ T cells in the regressive group were significantly lower than those of the persistent and control groups at week 0 (P < 0.05 in the comparison between regressive vs. control and regressive vs. persistent), but were significantly increased to higher level than that of control group at week 4, and were at equivalent level with control group at week 12 ( Figure 6 ). On the other hand, while mean fluorescence intensity (MFI) of HLA-DR did not significantly differ among groups at week 0, it significantly increased to a higher level in the regressive group compared with the control group at week 4 ( Figure 6C Regressive vs. Control, P < 0.05; Regressive vs. Persistent, P < 0.05. *P < 0.05 for the comparison with the value at week 0 in each group. EM, effector memory.
HLA-DR on EMCD8+ T cells, did not show significant changes from weeks 0 to 12 in the persistent group (Figures 6A-C) .
correlation Between restoration of Th1 cells and eMcD8+ T cells and change in serum cytokine levels
To identify the key cytokine in this process, we measured serum IFN-γ, IL-2, IL-7, IL-10, IL-12p70, IL-15, and TNF-α levels after MTX cessation (Figure 7) . Serum IFN-γ levels were not significantly different among groups at week 0, but it increased to significantly higher level than that of persistent and control group at week 4. However, no such increase was observed in the persistent group. IL-2, IL-7, IL-10, IL-12p70, IL-15, and TNF-α levels in both the regressive and persistent groups did not significant change from weeks 0 to 12 and were equivalent to those of the control group. However, IL-15 levels in the regressive group seemed to decrease from weeks 0 to 4 in some cases. 
DiscussiOn
Previous studies by our group and others (8, 9) have suggested that the decrease in lymphocytes at the time of LPD diagnosis and their restoration following MTX withdrawal may associate with the pathogenesis and regression of LPD developed during MTX administration. Here, we focused on the changes of lymphocyte subsets that were associated with the regression of LPD. Immunophenotyping of peripheral blood cells revealed a restoration of the proportion and absolute numbers of Th1 cells, EMCD8+ T cells and EBV-specific CD8+ T cells during the regression of LPD developed during MTX administration. Our data also showed an association between the increase in Th1 cells and EMCD8+ T cells and that of IFN-γ after MTX cessation. The lack of such changes in persistent LPD indicates that the pathogenesis of regressive and persistent LPD is dis criminable. We also showed that EBV-specific CD8+ T cells decrease at the time of LPD diagnosis and are restored after MTX cessation in regressive EBER-positive LPD patients. A previous study of post-transplant lymphoproliferative disease reported that EBV-specific T cells show an anti-LPD effect even in small numbers (17) . Interestingly, the transition of lymphocyte subsets was not significantly different between the pathological phenotypes of LPDs, suggesting a common regression mechanism among each phenotype; however, further studies are needed to confirm this hypothesis.
Currently, all LPDs that develop during MTX administration are classified as "other iatrogenic immunodeficiency-associated LPD" according to the latest WHO classification of lymphoid neoplasms (4), regardless of the status of LPD following MTX cessation. This is the first study to report differences in immune status between regressive and persistent LPDs developed during MTX administration in RA patients. Excessive inhibition of Th1 cells, EMCD8+ T cells and EBV-specific CD8+ T cells by MTX at the time of LPD development, and their restoration after MTX cessation appear to be features specific to the pathogenic and regression mechanism of "regressive LPD" (Figure 9) , since a decrease in the proportion and absolute number of these cell subsets was not observed in persistent LPD. This suggests that persistent LPD is not caused by inhibition of the "LPD surveillance system". Therefore, our findings could represent the first evidence of distinct types of MTX-associated LPD: "regressive LPD" and those caused by inhibition of the "LPD surveillance system".
Th1 cells are one of the major sources of IFN-γ (18); it is assumed that the Th1 response was initiated before the increase of IFN-γ in regressive LPDs. MTX inhibits Th1 response and cytokine production, including IFN-γ (19) (20) (21) , suggesting that excessive inhibition of Th1 cells by MTX may be involved in the pathogenesis of MTXassociated LPD. Furthermore, the important role of CD4+ T cells in promoting CD8+ T cell proliferation and their response to antigens is well established (22, 23) . IL-15 is required for the basal proliferation of memory CD8+ T cells (24) ; the decrease in IL-15 from baseline after MTX withdrawal, which was correlated with the increase in EMCD8+ T cells, might suggest the IL-15 secretion induced by the decrease of EMCD8+ T cells.
Some limitations of our study warrant mention. First, the number of LPD cases for which peripheral blood was analyzed by flow cytometry was limited because of the low incidence of LPD during MTX administration, even though the number of patients was rather large for such a rare disease. We also could not analyze the difference in cell subsets between each pathological phenotype of LPD because of the small number of patients. Second, as we only focused on the cell subsets that were significantly different in proportion between control and regressive groups, we cannot rule out potential associations between regression of LPD and cell subsets that showed a difference in absolute numbers, such as NK cells, and B cells. Third, we did not examine the anti-LPD function of the cell subsets within the peripheral blood. Previous studies indicate that circulating lymphocyte subsets including cytotoxic CD8+ T cells and EBVspecific CD8+ T cells in a cancer-bearing situation have specific anti-tumor function (16, 25, 26) .
In conclusion, assessment of the immunological status of LPD patients treated with MTX enabled to close on the pathogenesis of regressive LPD after MTX cessation. Studies that examine the difference in immunological status between pathological phenotypes of LPDs are warranted in the future.
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